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doubt that lipid droplet accumulation in response to Wnt3a is transcriptionally mediated. 1 Indeed, the expression of SOAT1, DGAT1 and DGAT2, which encode key-enzymes of lipid 2 droplet formation, increased in response to Wnt3a-treatment (Scott et al., 2015) . In addition, 3 silencing these genes inhibited lipid droplet accumulation in response to Wnt3a, most 4 potently in combination with each other (Fig. 1D ), or with specific inhibitors to DGAT1 or 5 SOAT (Fig. 1E, Fig. 1 -Fig.Sup. 1A) . Finally, Wnt3a-induced lipid droplets were decreased 6 after treatment with the general inhibitor of transcription Actinomycin D (Fig. 1E ). While 7 these data altogether confirmed that the Wnt pathway was mediating the pro-lipid droplet 8 signal, our inability to link lipid droplet induction to TCF/LEF led us to consider the 9 possibility that a branching signalling path, under the control of GSK3B and/or ß-catenin but 10 not the canonical Wnt transcription factors TCF/LEF, was inducing the accumulation of lipid 11 droplets in cells. To explore this possibility, we initiated several parallel and complementary 12 systems-level analyses with the aim to identify the transcriptional regulators proximal to lipid 13 droplet biogenesis. 14 To better understand the nature of the pro-lipid droplet signal induced by Wnt, we 15 revaluated the involvement of individual components of the Wnt signalling pathway in the 16 induction of lipid droplet accumulation. First, we tested the ability of each of the 19 human 17 Wnt ligands to induce lipid droplet accumulation in L Cells by transfection and autocrine or 18 paracrine induction of the Wnt pathway ( Fig. 1F-G) . Wnt ligands displayed a broad, but not 19 universal capacity to induce lipid droplet accumulation that paralleled both their evolutionary 20 pedigree (Fig. 1F) , and previously reported abilities to activate canonical Wnt signalling as 21 measured by a TCF/LEF reporter system (Najdi et al., 2012) . This confirmed that the pro-22 lipid droplet signal was indeed transiting, at least initially, through canonical Wnt signalling 23 components. 24 5 To systematically assess the involvement of the remaining components of the Wnt 1 pathway for involvement in the lipid droplet response, we performed a targeted screen for 2 factors influencing lipid droplet accumulation using a library of 73 compounds selected for 3 known interactions with elements of the Wnt pathway (see Methods). We tested the library in 4 both, Wnt3a-stimulated conditions to assess any inhibitory activity of lipid droplet 5 accumulation, and unstimulated conditions to identify compounds with the ability to induce 6 the phenomenon ( to Wnt signalling and to characterize the signalling pathway from ligand-stimulation to lipid 21 droplet accumulation. 22 We first started by taking the subset of genes annotated as 'transcription factor 23 signal induced by Wnt3a. This notion was further buttressed by previous studies showing that 1 TFAP2A directly interacts with both ß-catenin and APC (Li et al., 2009, Li et al., 2015) 2 making this family of transcription factors our leading candidate for mediating the pro-lipid 3 droplet signalling activity of Wnt3a. 4
To gain a detailed description of the transcriptional changes in the context of TFAP2, 5
Wnt and lipid droplets, we performed an RNAseq determination of mRNA levels in cells 6 treated with Wnt3a for short times (2h and 6h) with the aim to identify early factors of the 7 transcriptional control relevant for lipid droplet biogenesis (Scott and Gruenberg, 2018) . As 8 expected, a pathway analysis of the most responsive genes at 2h found over-representation of 9 terms related to mRNA processing, DNA binding and transcriptional regulation ( Fig. 2A) , 10 consistent with the expected nature of the early Wnt3a-responsive genes. By 6h post-Wnt3a 11 treatment, transcriptional regulators were still over-represented, but additional terms 12 reflecting downstream effector pathways were present, including those related to glucose 13 metabolism and endosomal trafficking, as well as fatty acid and cholesterol related genes 14 ( Fig. 2A ) consistent with our previous findings (Scott et al., 2015) . Indeed, the RNAseq 15 analysis found that SREBF1 (Sterol Regulatory Element Binding Transcription Factor 1) 16 mRNA levels were the most decreased of any transcription factor (0.60 of control) at the later 17 time point ( Fig. 2B ). 18
Intriguingly, the most upregulated transcription factor at early times was DDIT3 (DNA 19 Damage Inducible Transcript 3, also known as CHOP) -and increased DDIT3 could readily 20 be detected at the mRNA and protein level ( conditions. These observations suggest that while relevant to the observed changes in cellular 5 cholesterol homeostasis generated by Wnt3a, putative DDIT3-induced changes in SREBF1 6 expression have no significant role in lipid droplet accumulation in response to Wnt3a. 7
Along with DDIT3 and SREBF1, our list of early Wnt3a-responsive transcription 8 factors includes several that have known functions in regulating cellular lipid homeostasis 9 such as CEBPB and CEBPE, KLF5, KLF10, PPARG, MLXIPL, and PER2. Our list also 10 included the TFAP2 family member TFAP2C, which our datamining strategies had already 11 identified as involved in lipid homeostasis, and as a candidate transcription factor controlling 12 lipid droplet biogenesis. In fact, 6h post-Wnt3a TFAP2C (1.72-fold) was among the most 13 upregulated transcription factors ( Fig. 2B ). 14 Given that our datamining efforts identified TFAP2 family members as putative 15 transcription factors regulating lipid droplet proteins and that TFAP2C was among the most 16 upregulated transcription factors in response to Wnt3a (Fig. 2B ), we next investigated 17 whether TFAP2 family members played a direct role in regulating lipid droplets. To this end, 18
we tested whether Wnt3a retained the ability to induce lipid droplets after TFAP2 depletion 19 by RNAi. While knock-down of either TFAP2A or TFAP2C had no or only a modest effect, 20 tandem silencing of both homologs produced a marked reduction in the number of lipid 21 droplets present in cells in response to Wnt3a (Fig. 3A-B ). In keeping with this finding, these 22 siRNA treatments diminished the mRNA levels of SOAT1, a key enzyme proximal to the 23 production of lipid droplets ( Fig 3C) that mediate the production of cholesteryl esters (Chang 24 et al., 2001) . 25
As an alternative approach, we used CRISPR/Cas9 gene knockout to generate HeLa-1 MZ cells clones lacking TFAP2A ( Fig. 3D -E). While tandem depletion by RNAi was 2 necessary to reduce lipid droplet production after Wnt3a addition in L Cells, two knockout 3 clones of TFAP2A demonstrated a complete lack of change in lipid droplet number after 4
Wnt3a stimulation ( Fig. 3D -E), indicating that TFAP2 family members exhibit 5 complementary functions. Together, these results imply that TFAP2A/TFAP2C are 6 necessary for mediating the pro-lipid droplet signal of the Wnt pathway. 7
We next sought to determine if the TFAP2 family is sufficient for the induction of 8 lipid droplets. For this, we fused full-length TFAP2A, TFAP2B, and TFAP2C to mCherry 9 and overexpressed these as exogenous chimeras. As transcription factors the TFAP2 family 10 members function in the nucleus, the mCherry-tagged TFAP family members exhibited a 11 somewhat heterogeneous distribution between cytoplasm and nuclei, presumably because of 12 variations in expression levels. Impressively, the number of lipid droplets per cell increased 13 with increased nuclear localization of each TFAP2 family member (Fig. 3H) , and, in cells 14 with TFAP2 nuclear localization, the expression of each family member was clearly 15 sufficient to cause lipid droplet biogenesis ( Fig. 3F-G) . Moreover, the expression of TFAP2C 16 was also able to trigger the expression of lipid droplet enzymes ( Fig. 3I ), further supporting 17 the notion that TFAP2 family members function as transcriptional regulators of lipid droplet 18
biogenesis. 19
In totality, these findings demonstrate TFAP2A, TFAP2B and TFAP2C are sufficient 20 to induce biogenesis of lipid droplets when expressed in cells, and members of the TFAP2 21 family are required to mediate the accumulation of lipid droplets seen in response to stimulation. This finding is in keeping with a previous report that targeted overexpression of 23 alternative strategy previously shown to be sufficient to induce lipid droplets (Scott et al., 1 2015) . Further, knock-out clones lacking DDIT3 were completely non-responsive to Wnt3a 2 with regards to lipid droplet number. In the context of the significant increase in DDIT3 3 message and protein ( Fig. 2 -Fig.Sup. 3), these results suggest that induction of DDIT3 4 transcription in response to Wnt3a is necessary for lipid droplet biogenesis. 5
Given that the presence of DDIT3 was necessary to convey the pro-lipid droplet 6 signal, we next tested whether over-expression of the transcription factor is sufficient to 7 induce lipid droplet accumulation. As with TFAP2, overexpression of mCherry-tagged 8 fusions of DDIT3 was sufficient to increase lipid droplet numbers ( Fig In conclusion, our data show TFAP2 family members function to modulate 16 expression of lipid droplet proteins and induce the accumulation of lipid droplets in cells. We 17 found TFAP2C is necessary to potentiate the pro-lipid droplet signal induced by Wnt3a, and 18 expression of TFAP2 family members is sufficient to induce lipid droplet accumulation in 19 cells ( Fig. 3 ). 20
Not only do these data support the view that the TFAP2 family of transcription factors 21 can function as regulators of lipid droplet biogenesis, they provide insight into the 22 transcriptional network directing changes in lipid homeostasis and the accumulation of lipid 23 droplets in response to Wnt stimulation. Our observations indicate that, in addition to the 24 canonical TCF/LEF transcriptional response, Wnt signalling via APC, GSK3, and ß-Catenin 25 induces transcription-mediated lipid changes. These include decreased levels of SREBF1, 1 which is likely to contribute to the observed reduction in total membrane cholesterol levels 2 (Scott et al., 2015) , and increased expression of DDIT3 and TFAP2, which triggers lipid 3 droplet biogenesis with storage of cholesterol esters and triglycerides. These observations 4 also lead to the notion that via TFAP2 transcription factors, Wnt exerts pro-proliferative 5 effects in developmental and in pathological contexts by leading to the accumulation of lipid 6 droplets. 7
In addition, Wnt3a has been recently identified as an intra-cell synchronizer of 8 circadian rhythms in the gut, controlling cell-cycle progression, and the mRNA of it is not surprising that some of these systems have evolved to serve dual roles in both 10 biological contexts. These findings support the view that both Wnt signalling, and the TFAP2 11 The Netherlands) and the siRNAs used in this work were: GSK3B (S100300335) ; DGAT1 14 (S100978278); DGAT2 (S100978278); SOAT1 (S101428924); TFAP2A (J-062799); 15 TFAP2C (J-048594); DDIT3 (J-062068); APC (S102757251). 16
Other chemicals and reagents were obtained from Sigma-Aldrich (St. Louis, MO). 17
Transfections of cDNA and siRNAs were performed using Lipofectamine LTX and 18 Lipofectamine RNAiMax (Invitrogen; Basel, Switzerland) respectively using the supplier's 19
instructions. 20
Plasmids encoding GSK3B and GSK3B S9A , and the SREBF truncations were from Addgene 21 (Cambridge, MA); TFAP2A, TFAP2B, and DDIT3 coding sequences were obtained from the 22 Sequencing reads were mapped to the hg38 genome using bowtie2 in local alignment mode. 8
Then reads were attributed to known exons as defined by the ensembl annotation, and 9 transcript-level read counts were inferred as described in (David et al., 2014) . Differential 10 expression was then evaluated by LIMMA (Law et al., 2014) using the log of rpkm values. 11
The fold induction was determined as a ratio of mRNA amounts of Wnt3a to control. Genes 12 with message levels increase more than 1.5-fold, or decreased less than 0.8-fold were 13 collected and tested for pathway enrichment using DAVID bioinformatics resources (v6. These sequences were used to create insert the target sequence into the pX330 vector using 11
Construction of Gene Edited Knock Out Cell Lines
Golden Gate Assembly (New England Biolabs) and transfected into cells as described in the 12
Methods. Knock-out clones were isolated by serial dilution and confirmed by Western 13 blotting and activity assays. C-D. As in (A), except that HeLa-MZ cells (C) or L Cells (D) were transfected with siRNAs 10 against the indicated targets for 48h, before the addition of Wnt3a. Efficient silencing was 11 confirmed by qPCR ( Fig. 1 -Fig.Sup. 1B) Competing Interests 19 20 The authors declare no competing interests. 21 22 Materials & Correspondence HOLL, D., KUCKENBERG, P., WOYNECKI, T., EGERT, A., BECKER, A., HUSS, S., STABENOW, D., B.
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